Summary -We conducted depth of penetration experiments into grout and concrete targets with ogive-nose steel projectiles. Powder guns launched 0.064 kg, 12.9 mm diameter projectiles into grout targets with unconfined compressive strengths of 13.5 M Pa (2.0 ksi} and 21.6 MPa (3.1 ksi). For the concrete targets, powder guns launched projectiles with length-to-diameter ratios of 10; a 0.48 kg, 20.3 mm diameter rod, and a 1.60kg, 30.5 mm diameter rod. Concrete targets had unconfined compressive strength of 62.8 M Pa (9.1 ksi) for the 0.48 kg rods and unconfined compressive strength of 51.0 MPa (7.4 ksi) for the 1.60 kg rods. For these experiments, penetration depth increased as striking velocity increased until nose erosion became excessive. Thus, we determined experimentally the striking velocities corresponding to maximum penetration depths. Predictions from a previously published model are in good agreement with data until nose erosion becomes excessive.
INTRODUCTION
Studies concerned with the penetration of concrete targets have focused on depth of penetration experiments and model development for striking velocities to 800 m/s [ 1] . In this study, we present new data for grout and concrete targets for striking velocities between 400 and 1700 m/s. This work provides additional data for model [1] verification and determines the striking velocities corresponding to maximum penetration depth and projectile failure.
Our model [1] describes the targets with density Pt, unconfined compressive strength f'c, and an empirical constant S that depends only on f~; the projectiles are described with mass m, shank diameter 2a, and caliber-radius-head 0-However, concrete targets have more scales than those required for the analysis of ductile metal targets [2] . Table 1 lists parameters for the targets and projectiles. In addition to those parameters required for model [1] input, we list nominal aggregate diameter d, Moh's hardness scale [3] for the quartz-based aggregate, and Rockwell hardness R c for the 4340 steel projectiles.
In the next sections, we describe our experiments, discuss our results, and compare data with model predictions.
PENETRATION EXPERIMENTS WITH GROUT TARGETS
We conducted three sets of experiments with the 0.064kg, 12.9ram diameter steel projectiles dimensioned in Fig. 1 . Table 1 gives the material and geometric parameters for the grout targets and projectiles. Projectiles with 3.0 and 4.25 caliber-radius-head nose shapes were machined from 4340 steel rods and heat treated to a hardness of R~ 38-40. For striking velocities V S between 350 and 1200 m/s, projectile shank diameters were centerless ground to fit snugly into the bore of a 12.9 mm powder gun, so projectiles were launched without sabots or obturators. To obtain striking velocities between 1200 and 1700 m/s, we used a 32 mm powder gun, so the projectiles were fitted with sabots and obturators that were stripped from the projectile before target impact. Two laser diode systems measured striking velocities, and orthogonal X-rays measured pitch and yaw angles.
mm diameter projectiles and 13.5 MPa (2.0 ksi) 9rout targets
Grout targets were cast in 0.30 m diameter fiber-reinforced cardboard tubes commercially available for pouring structural columns, and three 102 mm diameter, 203 mm long cylinders were cast for unconfined compressive strength tests. In addition, four 102mm diameter, 203 mm long cylinders and two 50.8 mm diameter, 109 mm long cylinders were cored from a target for unconfined compressive strength tests. We tested nine grout cylinders and measured f'c = 11.7-15.0 MPa with an average of f'c = 13.5 MPa. Penetration and unconfined compressive strength experiments were conducted from 90 to 120 days after the grout was cast. Table 2 summarizes the experimental results for the 0.30 m diameter targets with nominal unconfined compressive strength f'c = 13.5 MPa (2.0ksi). These data show an increase in penetration depth and projectile mass loss for increasing striking velocities to about 1100m/s. Some of these data were reported previously in [1] .
mm diameter projectiles and 21.6 M Pa (3.1 ksi) grout targets
Grout targets were cast in 0.41 m diameter fiber-reinforced cardboard tubes, and three 102ram diameter, 203 mm long cylinders were cast for unconfined compressive strength tests. We tested the three cylinders at 170 days and measured f'c = 21.5, 21.6, and 21.7 MPa with an average of f'¢ = 21.6 MPa (3.1 ksi). Penetration tests were conducted between 150 and 210 days after the grout was cast. Table 3 The first two sets of experiments into grout targets reported in Tables 2 and 3 were conducted to striking velocities of 1200m/s, whereas this third set of experiments was conducted with striking velocities between 1300 and 1700m/s. Table 4 Tables 2 and 3 , penetration depth increased as striking velocity increased and the projectile trajectories had only minor deviations from the target centerlines. However, when striking velocities were increased to 1300-1700 m/s, the projectile trajectories deviated severely from the target centerlines. Asymmetric nose erosion and indentation of the projectile nose from the aggregate caused the projectiles to exit the side of the target, bend severely, or break.
PENETRATION EXPERIMENTS WITH CONCRETE TARGETS
We conducted two sets of penetration experiments with the 3.0 caliber-radius-head, 4340 steel rods dimensioned in Fig. 4 . Table 1 gives the material and geometric parameters for the concrete ta::gets and projectiles. 
mm diameter projectiles and 62.8 MPa (9.1 ksi) concrete targets
A 32 mm diameter smooth-bore powder gun launched the 0.48 kg projectiles dimensioned in Fig. 4(a) to striking velocities V s between 450 and 1224 m/s. The projectiles were fitted with sabots and obturators that were stripped from the projectile during target impact. Four laser diode systems measured striking velocities, and orthogonal flash X-rays measured pitch and yaw angles.
Concrete targets were cast in approximately 0.51 m diameter PVC tubes and corrugated steel culverts. Four 51 mm diameter, 102 mm long cylinders were cored from a sample disk of a concrete target for unconfined compressive strength tests. We tested the concrete cylinders and measured f'c = 56.0-70.2 MPa with an average of f'c = 62.8 MPa. Penetration and unconfined compressive strength tests were conducted between 120 and 150 days after the concrete was cast. Projectile fractured at the bottom of the drilled hole shown in Fig. 1 .
Projectile exited the side of the target at a depth of 0.78 m.
Projectile exited the side of the target at a depth of 1.0 m.
Projectile exited the side of the target at a depth of 0.84m. Table 5 shows an increase in projectile mass loss for striking velocities to 987 m/s. Figure 5 shows post-test photographs of the ogive-nose rods that were recovered from the targets and also shows an increase in nose erosion with increasing striking velocity. For a striking velocity of 1224 m/s, the rod fractured in the target at a depth of 0.5 m.
mm diameter projectiles and 51.0 M Pa (7.4 ksi ) concrete targets
An 83 mm diameter smooth-bore powder gun launched the 1.60kg projectiles dimensioned in Fig. 4(b) to striking velocities V s between 405 and 1358 m/s. The projectiles were fitted with sabots and obturators that were aerodynamically stripped from the projectile Table 6 shows an increase in projectile mass loss for striking velocities to 1069 m/s. Figure  6 shows post-test photographs of the ogive-nose rods that were recovered from the targets. For a striking velocity of 1358 m/s, the rod exited the side of the target at a depth of 1.8 m.
OGIVE-NOSE ROD PENETRATION MODEL
Forrestal et al. [1] present an analytical penetration equation for rigid ogive-nose projectiles and concrete targets. This penetration equation contains a single, dimensionlessempirical constant S for fixed values of unconfined compressive strength f' of the concrete target. For an ogive-nose, solid-rod projectile, the penetration equations in [1] can be put in a form that displays clearly the problem parameters.
As shown in [43, an ogive is the arc of the circle tangent to the shank. It is common to define the ogive in terms of caliber-radius-head
where s is the circle radius and 2a is the shank diameter. In addition [4] , the nose length and projectile mass are given by
k=(402-4~03 +~)(40-1)x"2-402(20-1)sin-1I(40-1)~"2 ]
where L is shank length, 1 is nose length, and pp is projectile density.
Substitution of (la-lc) into the penetration equations presented in [1] gives
p_(L+ka)2N
In l+~j+4a, P>4a In Eqns (2a 2c), P is penetration depth, V~ is striking velocity, V1 is projectile velocity at penetration depth 4a, f'~ is unconfined compressive strength, Pt is target density, and S is a dimensionless empirical constant that depends on f'c [1] . The relation between S and j"~ is given later. solid-rod projectiles shown in Fig. 4 that were launched into the 51.0 MPa and 62.8 MPa concrete targets. Data in Fig. 9 show that depth of penetration increased as striking velocity increased and then reached a plateau. Tables 5 and 6 show that for a further increase in striking velocity, the rods fractured or exited the side of the target.
RESULTS

As
With the new data presented in this paper and some of the data presented in [1] , we revised the empirical curve that relates S to f'c. Figure 10 shows the relationship between S and f'c, which was curve-fit to available data for grout and concrete targets that had no reinforcement. Figure 10 also shows data from Canfield and Clator [5] for reinforced concrete targets.
CONCLUSIONS
We presented depth-of-penetration vs striking-velocity data for projectiles launched into grout and concrete targets. Striking velocity was increased until nose erosion became excessive and the projectiles exited the side of the target, bent severely, or broke. Thus, we determined experimentally the striking velocities corresponding to maximum depth of penetration. Predictions from a previously published model [1] are in good agreement with data until nose erosion becomes excessive.
